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The study presents a theoretical prediction of the performance of a 
sheet-and-tube solar water heater with external recycle and comparison with that of a 
conventional type collector.  Analytical results show that the recycle effect can 
effectively enhance the collector efficiency compared with that in a single-pass device 
with the same flow rate.  The desirable effect of increasing convective transfer rate 
and the undesirable effect of reducing heat transfer driving force are the two conflict 
effects produced by the recycle operation.  It was found that the increment of 
convective transfer rate by increasing the recycle ratio could generally compensate for 
the decrement of the temperature difference, leading to improved performance, 
especially for low flow rate.  Also, the collector efficiency increases with increasing 
collector aspect ratio (i.e., either increasing the tube length or decreasing tube number) 
for a specified collector area and the distance between tubes. 
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? 1 ????????????(??)?????????? -1-20 sm kJ 5.0=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 6.60 2.32 1.45 7.12 2.58 1.64 7.53 2.75 1.76 
2 10.62 6.61 3.39 11.20 7.16 3.74 11.69 7.58 3.98 
3 0.00 14.75 6.61 0.00 15.67 7.17 0.00 16.45 7.59 
4 0.00 10.66 15.92 0.00 11.26 16.96 0.00 11.77 17.82
5 0.00 0.00 13.52 0.00 0.00 14.34 0.00 0.00 15.04
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? 2 ????????????(??)?????????? -1-20 sm kJ 0.1=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 7.10 2.47 1.54 7.51 2.67 1.69 7.88 2.83 1.80 
2 11.54 7.10 3.62 12.01 7.53 3.89 12.46 7.91 4.11 
3 0.00 16.01 7.10 0.00 16.76 7.54 0.00 17.46 7.93 
4 0.00 11.58 17.27 0.00 12.06 18.11 0.00 12.52 18.90
5 0.00 0.00 14.68 0.00 0.00 15.35 0.00 0.00 15.98
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? 3 ????????????(??)?????????? -1-20 sm kJ 5.0=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
R n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 7.95 2.90 1.86 8.62 3.23 2.10 9.12 3.46 2.25 
2 17.20 8.72 4.66 18.32 9.50 5.17 19.26 10.09 5.52 
3 14.70 19.21 8.97 15.60 20.60 9.80 16.35 21.72 10.42
4 11.70 18.08 19.87 12.35 19.33 21.36 12.92 20.36 22.55
2 
5 5.40 16.87 19.13 5.68 17.99 20.53 5.92 18.92 21.65
1 8.90 3.37 2.18 9.67 3.77 2.47 10.26 4.03 2.65 
2 19.29 9.64 5.27 20.63 10.55 5.86 21.73 11.22 6.27 
3 18.11 20.74 9.89 19.33 22.32 10.85 20.33 23.57 11.55
4 16.88 20.15 21.22 17.97 21.65 22.89 18.88 22.86 24.20
4 
5 15.57 19.57 20.83 16.54 20.99 22.44 17.35 22.14 23.72
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? 4 ????????????(??)?????????? -1-20 sm kJ 0.1=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
R n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 8.55 3.09 1.97 9.07 3.35 2.16 9.54 3.55 2.30 
2 18.68 9.35 4.98 19.59 9.97 5.37 20.44 10.51 5.69 
3 15.98 20.84 9.62 16.70 21.95 10.28 17.39 22.98 10.84
4 12.71 19.61 21.54 13.25 20.62 22.74 13.76 21.56 23.83
2 
5 5.90 18.30 20.75 6.12 19.22 21.87 6.34 20.06 22.89
1 9.56 3.59 2.31 10.17 3.90 2.54 10.70 4.14 2.71 
2 20.93 10.35 5.62 22.02 11.06 6.08 23.02 11.67 6.46 
3 19.66 22.48 10.60 20.65 23.75 11.36 21.56 24.90 12.00
4 18.33 21.85 22.99 19.22 23.06 24.34 20.05 24.16 25.54
4 
5 16.91 21.22 22.57 17.70 22.37 23.87 18.44 23.42 25.04
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? 5 ????????????(??)?????????? -1-20 sm kJ 5.0=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
R n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 8.89 3.35 2.15 9.66 3.74 2.44 10.24 4.00 2.62 
2 18.71 9.38 5.09 19.99 10.25 5.66 21.04 10.90 6.05 
3 16.87 20.17 9.54 17.96 21.68 10.45 18.86 22.88 11.12
4 14.81 19.30 20.66 15.71 20.69 22.24 16.47 21.82 23.50
2 
5 12.45 18.39 20.08 13.16 19.68 21.59 13.76 20.73 22.79
1 9.33 3.58 2.32 10.16 4.00 2.63 10.78 4.29 2.82 
2 19.89 9.92 5.45 21.30 10.87 6.07 22.45 11.56 6.49 
3 18.85 21.10 10.11 20.14 22.73 11.10 21.21 24.02 11.82
4 17.78 20.58 21.51 18.96 22.14 23.22 19.94 23.38 24.56
4 
5 16.65 20.06 21.16 17.72 21.55 22.82 18.62 22.75 24.13
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? 6 ????????????(??)?????????? -1-20 sm kJ 0.1=I ? 
DI  (%) 
 K2830, =fT   K2930, =fT   K3030, =fT  
m (kg min-1) m (kg min-1) m (kg min-1) 
R n 
3.0 6.0 9.0 3.0 6.0 9.0 3.0 6.0 9.0 
1 9.55 3.56 2.29 10.16 3.87 2.51 10.69 4.11 2.68 
2 20.31 10.06 5.43 21.34 10.75 5.87 22.30 11.34 6.23 
3 18.31 21.87 10.23 19.20 23.08 10.95 20.02 24.18 11.56
4 16.09 20.93 22.39 16.82 22.05 23.66 17.51 23.08 24.82
2 
5 13.52 19.95 21.76 14.10 20.99 22.98 14.65 21.95 24.08
1 10.02 3.81 2.46 10.67 4.14 2.70 11.24 4.40 2.88 
2 21.58 10.64 5.81 22.73 11.38 6.29 23.78 12.02 6.68 
3 20.46 22.88 10.84 21.51 24.19 11.62 22.47 25.37 12.28
4 19.30 22.31 23.30 20.26 23.57 24.68 21.15 24.70 25.91
4 
5 18.09 21.75 22.93 18.95 22.95 24.26 19.76 24.05 25.46
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? 7 ????????????(??)???????? 
pI   
m (kg min-1) 
n 3 kg min-1 6 kg min-1 9 kg min-1 
1 5.35 5.50 5.58 
2 6.12 5.35 5.44 
3 3.00 7.60 5.35 
4 3.00 6.12 8.30 
5 3.00 3.00 7.02 
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? 8 ????????????(??)???????? 
pI   
m (kg min-1) 
R n 3 kg min-1 6 kg min-1 9 kg min-1 
1 81.91 86.23 88.48 
2 89.04 81.91 84.52 
3 67.08 109.30 81.91 
4 55.12 89.04 118.98 
2 
5 43.11 76.13 101.36 
1 388.29 413.44 426.67 
2 415.83 388.29 403.42 
3 311.14 512.79 388.29 
4 254.32 415.83 559.21 
4 
5 218.06 354.19 474.74 
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? 9 ????????????(??)???????? 
pI   
m (kg min-1) 
R n 3 kg min-1 6 kg min-1 9 kg min-1 
1 123.54 130.36 133.90 
2 133.86 123.54 127.65 
3 100.76 164.41 123.54 
4 82.74 133.86 179.01 
2 
5 71.21 114.39 152.43 
1 503.92 537.42 555.06 
2 538.60 503.92 524.06 
3 402.53 664.68 503.92 
4 328.74 538.60 725.06 
4 
5 281.66 458.48 615.19 
 
 61
7????? 
cA   ???????m2 
b   圆???????????????m 
bC   圆????????????????????kJ s-1 m-1 K-1 
pC   ?????????kJ kg-1 K-1 
D   ?????m 
iD   ?????m 
e   ????(33) 
F ′   ????????????(19) 
Ff   ?????? 
f   ????(31) 
H   ?????kJ s-1 
ifh ,   ?????????kJ s-1 m-2 K-1 
wh   ???????????????kJ s-1 m-2 K-1 
0I   ???????kJ m-2 s-1 
DI   ?????????? 
pI   ???????? 
bk   圆??????????????????kJ s-1 m-1 K-1 
fk   ????????kJ s-1 m-1 K-1 
sk   ?????????????????kJ s-1 m-1 K-1 
tk   ?????????kJ s-1 m-1 K-1 
L   ?????m 
λ   ????????????????m 
sλ   ??????????????m 
fwλ   ?????kJ kg-1 
0,fwλ  ???????????kJ kg-1 
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1,fwλ  圆? 1??????kJ kg-1 
2,fwλ  圆? 2??????kJ kg-1 
1M   圆? 1??????m s-1 
2M   圆? 2??????m s-1 
m   ????????kg min-1 
N   ????? 
Nu   ??? 
n   ???? 
Pr   ???? 
uQ   ????????????????W 
finq′   ?????????????????W m-1 
tubeq′   ?????????????????????W m-1 
uq′   ?????????????????W m-1 
R   ???? 
DRe  ??? 
0Re   ????????? 
1Re   ? 1???? 
2Re   ? 2???? 
S   ????????????????kJ m-2 s-1 
aT   ?????K  
bT   圆???????K 
jfT ,   ??????? j????K 
)(, zT if  ????圆? i?????????K 
0,fT   ???????K 
outfT ,  ???????K 
mpT ,   ????????K 
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BU   ???????????????kJ s-1 m-2 K-1 
EU   ???????????????kJ s-1 m-2 K-1 
LU   ???????????kJ s-1 m-2 K-1 
TU   ?????????????kJ s-1 m-2 K-1 
V   ?????m s-1 
v   ???????m s-1 
W   ???????m 
x   圆???? 
z   圆???? 
????: 
β   ?????????degree 
γ   圆?????????????????m 
δ   ??????m 
gε   ????????? 
pε   ???????? 
η   ????? 
Dη   ??????????? 
Rη   ??????????? 
ρ   ?????kg m-3 
σ   ????????(Stefan-Boltzmann Constant)=5.67×10-8 J m-2 s-1 k-4 
ξ   ??????????? nW2/λ  
ψ   ???? 
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? 10 ???????????? 
T 
(K) 
ρ 
(kg m-3) 
Cp 
(kJ kg-1 K-1) 
310−×fk  
(kJ s-1 m-1 K-1)
410×µ  
(kg m-1 s-1) 
273 1002 4.218 0.552 17.9 
293 1001 4.182 0.597 10.1 
313 995 4.178 0.628 6.55 
333 985 4.184 0.651 4.71 
353 974 4.196 0.668 3.55 
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